As the importance of latent heat thermal energy storage increases for utility scale concentrating solar power (CSP) plants, there lies a need to characterize the thermal properties and melting behavior of phase change materials (PCMs) that are low in cost and high in energy density. In this paper, the results of an investigation of the melting temperature and latent heat of two binary high temperature salt eutectics are presented. Melting point and latent heat are analyzed for a chloride eutectic and carbonate eutectic using simultaneous Differential Scanning Calorimetry (DSC) and Thermogravimetric Analsysis (TGA). High purity materials were used and the handling procedure was carefully controlled to accommodate the hygroscopic nature of the chloride eutectic. The DSC analysis gives the values of thermal properties of the eutectics, which are compared with the calculated (expected/published) values. The thermal stability of the eutectics is also examined by repeated thermal cycling in a DSC and is reported in the paper along with a cost analysis of the salt materials.
INTRODUCTION
Latent heat thermal storage (LHTS) is regarded as a promising storage method for Concentrating Solar Power (CSP) plants due to the high energy density associated with phase change. These storage systems rely on a solid-to-liquid transition which occurs at a temperature that falls within the operating temperature range of the solar field. For current stateof-the-art parabolic trough power plants, this range spans from 290⁰C to 400⁰C though prospective solar field technologies are thought to increase the upper operating temperature to above 500⁰C to enable higher power block efficiencies.
Storage media selection plays a critical role in LHTS design. Materials must meet a number of criteria to not only ensure longevity and reliability of the system but also to guarantee economic viability. Since storage systems are a feasible and essential means of advancing CSP technology to the point of grid-parity, a number of research efforts are currently focusing on minimizing storage system costs to an optimal value that will significantly reduce the levelized cost of energy (LCOE) of CSP plants. Thus storage materials must be judiciously chosen such that they possess the following desirable characteristics that enable a more cost-effective system [1, 2]: 1. High latent heat of fusion. 2. High thermal diffusivity. 3. Chemical stability. 4 . Chemical compatibility between storage medium and containment material. 5. Thermal stability. 6. Low cost. 7. Little or no supercooling during freezing. 8. Minimal environmental and health impact. 9. Abundant. 10 . Low density variation during phase change. 11. Low vapor pressure at the operating temperature.
Since energy storage capabilities are mostly defined by the latent heat of fusion, this value must inherently be as large as possible to minimize the amount of material required for storage. Thermal stability, chemical stability, and chemical compatibility are of utmost importance because the material must maintain its physical and thermal properties throughout the lifetime of the plant, typically over 10,000 heating/cooling cycles for a 30-year plant life [3] . Since utility scale storage systems require thousands of tons of material for even a few hours of storage, any need for salt replacement due to material degradation or decomposition would drastically increase system cost. The criterion of high thermal diffusivity is necessary to effectively transfer heat to and from the storage media. This can be augmented through the use of heat transfer enhancement mechanisms, but not without an impact on system cost. Supercooling can prevent the release of stored energy during discharging [4] , which tends to be the limiting storage system process due to the thermal resistance of the solid front. Low density variation corresponds to low volumetric expansion upon phase change. This is important for containment system design since any increase in volume must be accounted for when sizing the containment system to prevent rupture. Vapor pressure is significant because it reflects the stability of the material. Additionally, losses may result from a leak in the storage vessel if the material tends to vaporize at operating temperatures [5] .
For the temperature range of 290 0 C -500⁰C, mixtures of fluorides, carbonates, hydroxides, nitrates, and chlorides are potentially available for use as LHTS materials [6] . Some metals fall in this range yet their high cost per unit storage capacity makes them impractical, if the goal is to develop a storage system that is lower in cost than the current state-ofthe-art in thermal energy storage. A few pure salts such as sodium nitrate melt in the desired range however they are far outnumbered by salt mixtures. Of the mixtures, those compositions that form a eutectic are desirable because the particular combination of components behaves as if it is a single salt, melting at a distinct temperature rather than melting over a range of temperatures. This maximizes the thermal match between the storage system and working fluid of the power block, which also undergoes isothermal phase change [7] . Eutectics are additionally advantageous because a single phase will not separate due to density differences. If a solid and liquid are both present during the phase transition, the more dense solid will be at the bottom, creating material stratification throughout the storage medium [5] .
Though a considerable number of eutectics are available, several of them are yet to be examined for their thermophysical properties. Calculated rather than experimentally measured latent heat is often published and the lack of measured values becomes problematic when evaluating storage cost and design since both are contingent upon actual material property values, which can be significantly different than theoretical values.
The motivation for this work is to determine the melting point and latent heat of fusion of some selected salt eutectics, and to discuss the associated problems while measuring these properties. The salts include a binary chloride eutectic and a binary carbonate eutectic. Their published melting point and latent heat of fusion are provided in Table 1 . Several references are included for the chloride eutectic to exemplify the disparity in published values. In Kenisarin [6] , compositions and melting temperatures ranging from 430⁰C -450⁰C are listed for the chloride eutectic. This data is cited from three different sources, two of which provide calculated values and the third being is a Russian Patent. Williams [8] also provides two eutectic temperatures corresponding to two different compositions, of which the sources are not provided. Chartrand and Pelton [9] provide a phase diagram that is calculated from a number of sources for the binary mixtures and discuss the agreement in all data except for a discrepancy in the eutectic temperature. They state that the calculated temperature lies at 459⁰C while experimental results range from 430⁰C to 450⁰C. In Ref. [10] , Gomez reports the melting temperature and composition that is calculated by Factsage® thermochemistry software for the same eutectic. The compositions chosen for experimental analysis in this study are listed in Table 2 . To the best of our knowledge, experimental values for latent heat of fusion have not been established for either salt. 
SAMPLE PREPARATION
The salts were purchased in the highest purity available from Alfa Aesar® with the exception of Li 2 CO 3 which was purchased from Acros Organics®. Magnesium chloride, which is severely hygroscopic, came ampouled under argon. All salts were opened and stored in a glove box that was constantly purged under ultra high purity nitrogen and were used without further purification. Salt purities are listed in table 3.
Since magnesium chloride is severely hygroscopic it must be handled with extreme care to ensure that it does not absorb moisture [12] . The presence of water can result in the following hydrolysis reaction that would produce corrosive HCl gas and a metal oxide upon heating [13, 14] :
Removal of water and oxide impurities from the magnesium salt mandates a time consuming process that involves sparging HCl or Cl 2 gas over the melt [12] . Unfortunately several chloride eutectics that melt in the desired temperature range contain magnesium chloride, therefore the presence of small amounts of oxide may be difficult to avoid.
Both eutectic samples were hand-ground in the glove box using a mortar and pestle for several minutes until the mixture was a fine powder and visibly well mixed. Fusion of the eutectic was performed upon the first heating cycle of measurements and is discussed in the results section. The second and third heating/cooling cycles were taken as the measured property values. 
EXPERIMENTAL PROCEDURE
Melting temperature and latent heat were calculated via heat flow curves obtained from a TA Instruments SDT Q600 which allows for simultaneous Differential Scanning Calorimetry and Thermogravimetric Analysis. The instrument is designed such that the sample and reference pans are placed on individual suspended beams that hold the thermocouples and serve as the balance. The purge gas is swept horizontally over the beams and pans so that any corrosive gases that evolve from the sample may easily be removed and purged through the ceramic furnace without destroying the thermocouple surface. Unfortunately the beams are very delicate and thus difficult to clean if the sample boils over or spills onto the thermocouple surface.
Because the samples are sensitive to air or moisture, it is desirable to prevent exposure to either substance when heating the samples; thus a high purity, inert purge gas such as nitrogen is typically used for analysis of air sensitive materials. In a recent study, the TA Q600 was evaluated for the presence of oxygen that may have leaked into the equipment or entered by other means [15] . The study used mass spectrometry (MS) to evaluate oxygen concentration in the exhaust gas stream of the TA SDT Q600 and a Netzsch STG 209F3 after pre-purging the equipment. It was found in both instruments that at least 30 minutes of purging with an inert gas is required to reduce traces of oxygen to a constant limit which was believed to be the detection limit of the MS. They further studied oxygen concentration within the furnace at temperatures above ambient by evaluating the decomposition of copper-(II)-oxalate hemihydrate, which is known as a sensitive indicator for the presence of oxygen in TGA. This compound decomposes upon heating to 300⁰C by the following reaction [15]:
In the presence of oxygen, the copper-(I)-oxide is converted to copper-(II)-oxide with a concomitant increase in mass at temperatures above 300⁰C
In Ref.
[15], copper oxalate was heated in a nitrogen atmosphere to 600⁰C in the TA SDT Q600, Netzsch STG 209F3, as well as a TA TGA Q5000. Mass gain was exhibited in both TA instruments even after purging them for 60 minutes, while the Netzsch did not show any significant mass gain. The instruments were then leak tested with helium and proven to be leak free, therefore the authors in [15] suspect that the presence of oxygen is related to the geometry of the TA instruments.
Due to the results in Ref.
[15], all measurements in the TA Q600 in this study were pre-purged for at least 60 minutes prior to initiating any experiments. Additionally, 98% purity copper oxalate hexahydrate was purchased from Alfa Aesar and heated in the TA SDT Q600 in alumina (ceramic) pans both with and without lids to detect the presence of oxygen. The lids loosely fit over the pans and do not create a seal. Nitrogen was purged at 100ml/min during heating and for at least one hour prior to heating. The samples were heated at a rate of 10⁰C /min up to 600⁰C then held isothermally for 30 minutes. Results are presented in Fig. 1 . When lids were not used, there was a slight gain in mass of approximately 1.86% after the initial mass loss. This mass gain occurred between 380⁰C and 563⁰C, after which there was no further increase in mass. When the lids were placed on the reference and sample pans, mass gain was negligible between 380⁰C and 563⁰C, suggesting that oxygen was not available to interact with the sample. Based on these results, experiments were carried out with lids on and with confidence that exposure to oxygen was kept to a minimum.
The instrument was calibrated with standards of tin, aluminum, zinc and lead. All measurements were performed with a heating rate of 10⁰C/min and under Ultra High Purity (UHP) nitrogen with a flow rate of 100ml/min, and as previously mentioned the instrument was pre-purged for at least 60 minutes prior to the commencement of measurements. 
RESULTS

Chloride Eutectic (55wt%MgCl 2 -45%NaCl)
A sample of 15.978 mg was prepared and cycled three times in the TA Q600. The first heating cycle is used to fuse the material and subsequent cycles represent the mixed eutectic. The material was first heated from 50 0 C to 525 0 C and then cooled to 325 0 C. Figure 2 shows the heat flow curve and percent weight loss for the first heating cycle. Though there is not an endothermic peak representing water loss in the 100 0 C range, there is a small endothermic peak at approximately 216 0 C with a concomitant mass loss of 1.586%. It is possible that this peak represents a second order transition or loss of water of crystallization. From previous experience with hygroscopic chloride salts of lower purity, this minor mass loss during initial heating is difficult to attain, therefore the use of high purity salts in this study has shown favorable results.
The melting peak of the first cycle occurs at 441.67 0 C which is 17.33 degrees lower than the Factsage calculated value provided by Gomez. Upon melting, the sample exhibited a weight loss of 1.022% and a latent heat of fusion of 268.0 J/g which was calculated by integrating the area under the heat flow curve shown in Fig. 2 . The mass used for integration was specified as the mass of the sample at the midpoint of the endothermic peak. Latent heat of fusion for the first cycle is expected to be higher than the second and third cycles due to the additional heat of mixing that occurs during the fusion step. Figure 3 shows heat flow and percent weight loss curves for the 1 st cooling cycle as well as the second and third heating/cooling cycles. It can be seen that weight loss and hence evaporation, consistently occur while the sample is in the liquid phase, both during cooling and heating. After completing the runs, salt was found on the thermocouple surface of the sample beam and is attributed to evaporation or possibly boiling over of the sample. This residual salt "glued" the sample pan to the thermocouple surface and the sample pan could only be removed with the addition of water. Heating the empty beams above 1400 0 C did not evaporate the salt therefore it is believed that the residual salt on the beams was no longer a form of magnesium or sodium chloride, but rather a metal oxide or other high temperature melting salt.
Fig 2. First heating cycle of MgCl2/NaCl eutectic. [---weight loss, -heat flow]
Latent heat of fusion and solidification are provided in Fig.  3 as well as table 4. Not only are the heats of fusion significantly lower than published values, which range from 320 J/g to 430 J/g, but the heat of solidification is more than 24% lower than the heat of melting. The limit that this reduction imposes on the system should be considered in any cost analysis and system design. In addition, Fig. 3 illustrates the fact that the salt experiences subcooling of approximately 10 degrees and a melting range of nearly 65 degrees for the second and third heating cycles. The average melting temperature of the second and third cycles is 439.80 0 C, which is 19.2 degrees less than the expected value and the average latent heat of fusion is 218.50 J/g which is 32.8% lower than 325 J/g, the theoretical published value. Figure 4 illustrates the 2 nd and 3 rd cycle heat flow curves as well as percent mass loss. The nature of melting and solidification is more easily observed in this figure and it can be seen that melting is not represented by a single eutectic peak but several peaks, leading to the conclusion that this is not a eutectic composition. The two lobes at the bottom of the large endothermic peak may represent two overlapping melting events that correspond to the formation of intermediate compounds such as Na 2 MgCl 4 and NaMgCl 3 , which have been reported in other studies [9] . Since the latent heat decreased from one cycle to the next and there was mass loss due to evaporation, thermal stability of the salt is questionable and more cycles will have to be conducted to gain a better assessment of stability. Being that the material readily evaporates, a more appropriately sealed container with a pinhole that would reduce pressure build-up may be needed. Unfortunately pans of this type were not available in a material that is compatible with reactive salts such as magnesium and sodium chloride.
Carbonate Eutectic (44wt%Li 2 CO 3 -56%Na 2 CO 3 )
A sample of 11.032 mg was prepared and cycled five times in the TA Q600. The salt was initially heated from 25 0 C to 570 0 C for fusion and then cycled between 300 0 C and 570 0 C for subsequent cycles. Results from the first heating cycle are presented in Fig. 5 . The carbonate exhibited a net mass loss of 0.695% during the first cycle and does not show any endothermic peaks due to water loss. Melting occurs at 498.43 0 C which is 2.43 degrees higher than the published value. Measured enthalpy of fusion is 274.0 J/g. The weight fluctuation seen during melting and solidification was also observed in the chloride eutectic and other salts run on the same instrument. Small weight fluctuations may be due to movement of a coarse powder sample as the material goes from the solid to liquid phase. The relatively large fluctuation in this sample however may be accredited to the high energy of the melt [16] . It is likely that a smaller sample size would help to reduce the instability of the weight signal.
Fig 5. First heating cycle of 44wt%Li2CO3 -56%Na2CO3 eutectic. [---weight loss, -heat flow]
Results of melting point and latent heat for all cycles are provided in Table 5 . Unfortunately a glitch in the software did not record data from the second cooling cycle, therefore results are not available. Unlike the chloride mixture, this salt exhibits greater latent heat of solidification than the heat of fusion for the third, fourth and fifth cycles. The average melting temperature, excluding the first cycle, is 487.99⁰C which is 8.01 degrees lower than the expected value. Average latent heat of fusion for the last 4 cycles was 235.125 J/g, which is 36.5% less than the expected value of 370 J/g. 
COST ANALYSIS
Though a salt may show evidence of having high latent heat, its cost may not outweigh the advantage of its high energy density. In an effort to gain a preliminary assessment of the balance between latent heat and cost for both salts in this study, a cost per kWh th was calculated. Table 6 shows the cost per ton used in the analysis. Quoted prices were obtained from companies that sell the salts on an industrial scale and in anhydrous form. The price per kWh th was calculated using the latent heat obtained in this study as well as the theoretical latent heat for a comparison. The sensible heat storage component was neglected. Table 7 shows the results of the chloride and carbonate mixtures. These preliminary results demonstrate that the carbonate eutectic has a significantly high cost per kWh th as a result of the very high cost of lithium carbonate. The price per kWh th values will be lower if sensible heat is included and this would depend upon the temperature range of the storage system as well as the heat capacity of the material. A number of additional factors must also be considered including handling and processing costs and any cost associated with containment of the salts. Other thermophysical properties including thermal diffusivity and volumetric expansion will also play a role in the price of the system.
CONCLUSIONS
The goal of this work is to measure the latent heat and melting temperature of reported eutectic compositions and to discuss the hurdles that may arise when working with these salts. The chloride eutectic is initially attractive because of its reported high latent heat value and low cost of sodium and magnesium chloride salts. The empirical results in this study have shown that the chloride mixture of 55wt% MgCl 2 -45%NaCl does not have a single eutectic endothermic peak but a broad melting range with several peaks. In addition, the salt experiences supercooling of 10 degrees and there was a considerable difference between its latent heat of fusion and latent heat of solidification. The dynamics of commercial scale systems must be evaluated to determine if this melting and solidification behavior is acceptable. The salt is very difficult to work with due to the hygroscopic nature of magnesium chloride, which not only leads to thermal and chemical instability but requires special handling and equipment. Anhydrous magnesium chloride is also difficult to find in industrial scale quantities. The salt is found at its lowest price in its hydrated form and additional processing would require drying that would not only increase cost but would also increase magnesium oxide impurities that may depress the latent heat. The carbonate eutectic is appealing because it is not as difficult to handle and carbonates are reported to have higher heat capacity in the solid phase and almost twice the thermal conductivity in the liquid phase than that of chloride eutectics [5, 6] . It shows greater thermal stability than the chloride mixture and has more than 30% higher latent heat of solidification. More thermal cycles will have to be conducted to gain a better understanding of the thermal stability and reproducibility of the eutectic. Unfortunately the high price per ton of lithium carbonate negates the fact that it has greater latent heat than the chloride mixture.
These studies were performed with high purity materials that will be too costly to use on an industrial scale. Impurities may suppress the latent heat and therefore increase the materials cost and hence the storage system. Studies using lower purity salts must be performed to obtain a better idea of the true cost of the storage system.
